Spinal cord injury (SCI) results in cell death, demyelination, and axonal loss. The spinal cord has a 4 limited ability to regenerate and current clinical therapies for SCI are not effective in helping promote 5 neurologic recovery. We have developed a novel scaffold biomaterial that is fabricated from the 6 biodegradable hydrogel oligo[poly(ethylene glycol)fumarate] (OPF). We have previously shown that 7 positively charged OPF scaffolds (OPF+) in an open spaced, multichannel design can be loaded with 8 Schwann cells to support axonal generation and functional recovery following SCI. We have now 9 developed a hybrid OPF+ biomaterial that increases the surface area available for cell attachment and that 10 contains an aligned microarchitecture and extracellular matrix (ECM) proteins to better support axonal 11 regeneration. OPF+ was fabricated as 0.08 mm thick sheets containing 100 μm high polymer ridges that 12 self-assembles into a spiral shape when hydrated. Laminin, fibronectin, or collagen I coating promoted 13 neuron attachment and axonal outgrowth on the scaffold surface. In addition, the ridges aligned axons in 14 a longitudinal bipolar orientation. Decreasing the space between the ridges increased the number of cells 15 and neurites aligned in the direction of the ridge. Schwann cells seeded on laminin coated OPF+ sheets 16 aligned along the ridges over a 6-day period and could myelinate dorsal root ganglion neurons over 4 17 weeks. The OPF+ sheets support axonal regeneration when implanted into the transected spinal cord.
In this study we sought to determine which ECM molecules best support neuronal attachment, and 1 whether the structural microarchitecture may further improve the directional alignment of axonal 2 extension and myelination in vitro. A novel hybrid OPF+ scaffold design was fabricated as a ridged, flat 3 sheet and coated with ECM proteins. Upon hydration the sheets had the unique property of spontaneously 4 rolling into a spiral 3D configuration. Polymer sheets with ridge spacings of 0.2 mm, 0.4 mm, or 1 mm 5 apart were coated with laminin, collagen, or fibronectin, and used in in vitro assays to quantitate neuronal 6 attachment, DRG neurite extension, and axonal myelination by Schwann cells. A proof of concept study 7 was then conducted in vivo to compare axonal regeneration in laminin and untreated spiral scaffolds 8 implanted following complete spinal cord transection. 9 2. Material and Methods 10 2.1 OPF Synthesis and OPF+ Scaffold Fabrication 11 OPF+ was synthesized as described previously [8, 9] . To create the ridged OPF+ sheet, liquid polymer 12 was pipetted onto a Teflon mold that contained micro-grooves 100 µm in depth and spaced 1 mm, 0.4 mm 13 and 0.2 mm apart. A glass slide was place on top with a 0.08 mm thick spacer. The sheets were 14 polymerized by exposure to an ultra-violet (UV) light (365nm) for one hour and cured overnight. Single 15 channel OPF+ scaffolds were fabricated by mold injection of the polymer, and cast over a 1mm wire prior 16 to UV exposure. The scaffolds were cut into 2mm lengths for transplantation. 17 2.3 Swelling Ratio 18 Desiccated, ridged OPF+ sheets were cut into 6x6 mm pieces and weighed dry (W d ) and following 19 hydration in distilled water for 24 hours (W s ; swollen weight). 20 The swelling ratio was calculated using the equation: Control sheets received no additional ECM protein coating other than that which would be present in the 6 serum of the media (referred to as serum coated). The fibronectin was purified by gelatin-Sepharose 7 affinity chromatography from frozen rat plasma [6] . The sheets were then washed 3 times to remove 8 unabsorbed ECM proteins. To determine the effect of dissociated DRG attachement and alignment on 9 OPF+ sheets with different ridge sizes, OPF+ sheets with ridges 0.2 mm, 0.4mm, and 1mm apart were 10 coated with laminin. 
Image Analysis of DRG Neurons
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All images of dissociated neurons were taken using an inverted fluorescence microscope Zeiss Axio
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Observer Z-1 with a motorized stage (Carl Zeiss, Inc., Oberkochen, Germany) mounted with an Axiocam 24 503 camera (Zeiss). Pictures were acquired via the ZEN 2 (blue edition) imaging software (Carl Zeiss). In order to determine the ECM protein-coating that displayed most neurite outgrowth and attachment, the 9 amount of β-III tubulin was calculated for each polymer sheet using ImageJ software by measuring the 10 mean gray value of the staining. were taken of 4 fields of views per scaffold using a Zeiss LSM780 confocal microscope system. Figure 1A ). Our previously used scaffold was fabricated with 7 channels that were 2mm wide and 16 32 mm long ( Figure 1B) . Swelling ratios were calculated to be 10.5 ± 0.8 for OPF+ sheets with 1 mm 17 spaced ridges, 9.8 ± 0.4 for sheets with 0.4 mm spaced ridges, and 9.7 ± 0.1 for sheets with 0.2 mm 18 spaced ridges ( Figure 1C ). Hydrated sheets spontaneously rolled into a spiral configuration ( Figure 1D 19 and 1E). In comparison to a multichannel scaffold ( Figure 1B taking into account the number of channels that form between ridges, ridge separation (mm), length of the 23 cylinder (mm), and ridge width (mm) ( Figure 1F ). A scaffold sheet with 3x loops increased the volume 1 by 2.6 fold (3.34 mm 3 to 8.83 mm 3 ), whereas a sheet with 4x loops has an increase of approximately 3 2 fold (3.34 mm 3 to 9.72 mm 3 ) compared to the 7 multichannel OPF+ scaffold design ( Figure 1F ). There 3 was a similar corresponding increase in surface area where sheets with 3x loops had 1.71 fold increase 4 (45.4 mm 2 to 77.7 mm 2 ) and 4x loops had 2.87 fold increase (45.4 mm 2 to 130.5 mm 2 ) compared to the 7 5 channel design. higher total βtubulin staining per cell than sheets with serum coating (20.73 ± 5.59 mean gray value).
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The neurite density on laminin coated sheets (p= 0.0263) and fibronectin coated sheets (p=0.0408) was 22 also greater than that seen on collagen coated sheets. 
Discussion
10
We have previously demonstrated that OPF+ fabricated in a multichannel design with seven channels can 11 enhance regeneration after SCI [4, 7] in rats. This regeneration can be further improved by loading the 12 channels with GDNF-secreting Schwann cells, leading to modest functional recovery [5] . We have also 13 shown that the OPF+ material can be modified by incorporating the anti-fibrotic drug rapamycin in PLGA 14 microspheres [27] . OPF+ multichannel scaffolds containing rapamycin microspheres were also combined 15 with Schwann cells to help promote functional recovery following SCI. It was also noted from these 16 studies that many of the regenerating axons grew on the outer circumferential surface of the scaffold. We A similar preference for mechanical guidance cues (microgrooves), rather than on flat spaces between the 10 microgrooves, has previously been observed [13] . Studies investigating the effect of grooves on a 11 polymer surface have shown that axonal alignment and behavior could be influenced by the depth of the 12 grooves, spacing between the grooves, and groove widths [13, 38] . Similarly, in our study, disassociated 13 DRG neurons that grew on the OPF+ sheets with ridges spaced 0.2 mm apart had greater cell attachment 14 to the ridges, alignment, and outgrowth than those grown on 1 mm spaced sheets. One of the goals of the 15 scaffold is to bridge the gap that is created after spinal cord injury. The ability of the scaffold to direct 16 growth in a longitudinal direction and maximize this directed growth is an important consideration.
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Another approach to enhancing regeneration is to mimic the peripheral nervous system environment. It is 18 well established that the peripheral nervous system has a better ability to regenerate than the central 
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